Interleukin-16 (IL-16; for review, see Cruikshank et al 1 ) is a pleiotropic proinflammatory cytokine that is a potent chemotactic factor for T cells, mast cells (MCs), eosinophils, monocytes, and dendritic cells. [2] [3] [4] [5] [6] [7] In addition to its chemotactic activity, IL-16 induces T cells to increase their surface expression of the IL-2 receptor and MHC class II protein, as well as their intracellular levels of Ca 2ϩ and inositol-1,4,5-trisphosphate (IP3). 8,9 IL-16 induces eosinophils to generate and release substantial amounts of RANTES, eotaxin, IL-4, and leukotriene C 4 . 10 The cytokine promotes the differentiation and granule maturation of MCs by enhancing the kit ligand (KitL)/stem cell factor-mediated expression of tryptase and chymase. 4 IL-16 also inhibits the HIV-1 infection of T cells, monocytes, dendritic cells, and MCs. 4, [11] [12] [13] [14] [15] IL-16 is translated as a 631-residue precursor protein 16, 17 that undergoes caspase 3-dependent processing 18 inside cells to yield an N-terminal fragment that translocates to the nucleus to induce G 0 /G 1 cell-cycle arrest in the IL-16-expressing cell. 19 The resulting C-terminal 121-residue fragment that is exocytosed possesses chemotactic activity. IL-16 was the first described T-cell chemoattractant. Despite the fact that the size of its biologically active C-terminal domain is comparable with that of many chemotactic factors, IL-16 lacks the conserved Cys residues found in the CC and CXC families of chemokines. T cells are responsive to many chemokines. Nevertheless, due to its poor degree of amino acid sequence identity with varied CC and CXC chemokines, IL-16 does not exert its biologic effects via a known chemokine receptor such as CCR3, which is expressed on the surfaces of T cells and MCs.
Introduction
Interleukin-16 (IL-16; for review, see Cruikshank et al 1 ) is a pleiotropic proinflammatory cytokine that is a potent chemotactic factor for T cells, mast cells (MCs), eosinophils, monocytes, and dendritic cells. [2] [3] [4] [5] [6] [7] In addition to its chemotactic activity, IL-16 induces T cells to increase their surface expression of the IL-2 receptor and MHC class II protein, as well as their intracellular levels of Ca 2ϩ and inositol-1,4,5-trisphosphate (IP3). 8, 9 IL-16 induces eosinophils to generate and release substantial amounts of RANTES, eotaxin, IL-4, and leukotriene C 4 . 10 The cytokine promotes the differentiation and granule maturation of MCs by enhancing the kit ligand (KitL)/stem cell factor-mediated expression of tryptase and chymase. 4 IL-16 also inhibits the HIV-1 infection of T cells, monocytes, dendritic cells, and MCs. 4, [11] [12] [13] [14] [15] IL-16 is translated as a 631-residue precursor protein 16, 17 that undergoes caspase 3-dependent processing 18 inside cells to yield an N-terminal fragment that translocates to the nucleus to induce G 0 /G 1 cell-cycle arrest in the IL-16-expressing cell. 19 The resulting C-terminal 121-residue fragment that is exocytosed possesses chemotactic activity. IL-16 was the first described T-cell chemoattractant. Despite the fact that the size of its biologically active C-terminal domain is comparable with that of many chemotactic factors, IL-16 lacks the conserved Cys residues found in the CC and CXC families of chemokines. T cells are responsive to many chemokines. Nevertheless, due to its poor degree of amino acid sequence identity with varied CC and CXC chemokines, IL-16 does not exert its biologic effects via a known chemokine receptor such as CCR3, which is expressed on the surfaces of T cells and MCs.
Studies have been carried out to identify the surface proteins that participate in IL-16-dependent signaling pathways in immune cells. In this regard, it has been noted that increased IL-16 expression in tissues often is correlated with the presence of large numbers of extravasated CD4 ϩ cells. 20, 21 The ability of IL-16 to induce an effective chemotactic response in monocytes often is correlated with the amount of CD4 present on the cell's surface, and the chemotactic response of CD4 ϩ T cells and monocytes to IL-16 is diminished when both populations of cells are exposed to Fab fragments of the anti-CD4 monoclonal antibody (mAb) OKT4. 6 The ability of IL-16 to activate eosinophils also is diminished if these granulocytes are pre-exposed to the OKT4 mAb or to a recombinant, soluble form of CD4. 10 Despite the perceived importance of CD4 in IL-16-mediated signaling of T cells, the peripheral blood mononuclear phagocytes 22 and Langerhans cells 23 isolated from CD4-null mice are as responsive to IL-16 as the corresponding cells present in wild-type mice. Based on these data, IL-16 must recognize at least 2 distinct receptors on hematopoietic cells. The data also imply that cells in the myeloid lineage express one or more alternate IL-16 receptors. Human MCs, monocytes, macrophages, and dendritic cells originate from a common CD34 ϩ myeloid progenitor in the bone marrow. We recently noted that IL-16 is a potent chemotactic factor for in vitro-differentiated human MCs, and that this chemotactic response is associated with Ca 2ϩ mobilization. 4 The observation that the IL-16-mediated chemotaxis of these nontransformed cells could be inhibited only approximately 50% with the OKT4 mAb suggested that human cord blood-derived MCs (hCB-MCs) express an alternate IL-16 receptor. In support of this conclusion, the amount of CD4 mRNA in the IL-16-responsive human MC line HMC-1 is below detection by RNA blot analysis. 4 Each member of the tetraspanin superfamily of surface proteins possesses 4 transmembrane domains. 24 Normal in vivo-differentiated human MCs, normal in vitro-differentiated hCB-MCs (http:// www.nch.go.jp/imal/English_index.htm), and the transformed MCs in patients with aggressive/malignant mastocytosis express the tetraspanins CD9, CD63, CD81, and/or CD82. [25] [26] [27] [28] [29] CD81 is a receptor for hepatitis C virus, 30 but the extracellular ligands on the surfaces of human MCs that recognize the other tetraspanins have not been identified. The observation that some tetraspanins form multimeric complexes with CD4, 24, 31, 32 coupled with the observation that some tetraspanins participate in cell migration, 24, 33 led us to hypothesize that a tetraspanin is a component of the alternate IL-16 receptor on the surfaces of MCs. We now report that CD9 participates in the IL-16-mediated chemotaxis and activation of human and mouse MCs and that this tetraspanin appears to be the primary IL-16 receptor on the surface of the HMC-1 cell line.
Materials and methods

Antibodies and cytokines
Recombinant human IL-16 and the Alexa Fluor 488-conjugated cytokine were obtained from R&D Systems (Minneapolis, MN) and Molecular Probes (Eugene, OR), respectively. Recombinant human KitL and mouse IL-3 were obtained from R&D Systems. Fluorescein isothiocyanate (FITC)-conjugated mouse mAbs that recognize human CD4, CD9, CD63, and CD81 were obtained from BD Biosciences (San Jose, CA), as were purified rat anti-mouse CD4 and CD9 mAbs. FITC-conjugated mouse anti-human CD9 mAb and FITC-conjugated rabbit anti-mouse immunoglobulin G (IgG) were from Dako (Glostrup, Denmark); mouse antitryptase mAb was from Chemicon International (Temecula, CA); and mouse anti-human CD117 IgG conjugated to phycoerythrin was from Beckman Coulter (Fullerton, CA). Sense (5Ј-TCGATCAAATACCTGCTG-3Ј) and antisense (5Ј-CAGCAGGTATTTGATCGA-3Ј) oligonucleotides corresponding to residues 76 to 94 in the human CD9 transcript noted at GenBank accession number M38690 were synthesized by Invitrogen (Auckland, New Zealand). The CD9 cDNA used in our transfection experiments has been described. 34 Generation of mouse bone marrow-derived MCs (mBMMCs) and hCB-MCs mBMMCs were obtained as previously described 35 by culturing bone marrow cells from the femurs and tibias of 12-week-old BALB/c mice for at least 3 weeks in enriched medium (RPMI-1640 containing 100 U/mL penicillin, 100 g/mL streptomycin, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 50 M 2-mercaptoethanol, 10% fetal calf serum [FCS]) supplemented with 10 ng/mL IL-3. After 3 weeks, more than 98% of nonadherent cells in the cultures were MCs as assessed by toluidine blue histochemistry. hCB-MCs were generated as previously described. 36 
Immunocytochemistry
Cytocentrifugation preparations of mBMMCs and hCB-MCs were air dried and placed in Carnoy fixative for 15 minutes at room temperature for antitryptase staining and in acetone fixative for anti-CD4 and CD9 mAb staining. After the slides were washed with Tris-HCl-buffered saline (TBS, pH 7.6), they were incubated with 3% hydrogen peroxide in methanol for 10 minutes and then with normal rabbit serum diluted 1:10 in TBS for 10 minutes to reduce nonspecific background staining. hCB-MCs were stained with mouse anti-human tryptase mAb, whereas mBMMCs were stained with rat anti-mouse CD9 and CD4 mAbs at room temperature for 1 hour and then incubated with alkaline phosphatase-conjugated rabbit antimouse Ig (6 g/mL) for 1 hour at room temperature. Slides were developed by the addition of a freshly prepared alkaline phosphatase substrate containing 0.2 mg/mL naphthol AS-MX phosphate with 0.1 mg/mL Fast Red TR and levamisole in 0.1 M Tris-HCl (pH 8.2) for 20 minutes. Cells that express tryptase, CD4, or CD9 appear pink in these immunohistochemical assays.
Double immunocytochemistry of human MCs was used to evaluate the coexpression of tryptase and CD9. For these analyses, slides were sequentially placed in Carnoy fixative, 3% H 2 O 2 in methanol, and rabbit serum (1:10 vol/vol) for 15, 10, and 10 minutes, respectively. The fixed and blocked slides were incubated overnight at 4°C with mouse anti-human CD9 IgG, followed by rabbit anti-mouse IgG-horseradish peroxidase (6 g/mL) for 1 hour at room temperature, and then with freshly prepared 3,3Ј-diaminobenzidine (DAB) substrate solution. Finally, the treated slides were incubated with alkaline phosphatase-labeled mouse anti-human tryptase IgG (2 g/mL) for 2 hours before development with alkaline phosphatase substrate.
Chemotaxis assay
The in vitro migrations of mBMMCs, hCB-MCs, and the HMC-1 human MC line 37 were evaluated using transwells (Millipore, Bedford, MA) containing fibronectin (Sigma-Aldrich, St Louis, MO)-coated polycarbonate filters with 8-or 5-m pores. 4 Varying amounts of IL-16 were placed in the lower compartment of each chemotaxis chamber. HMC-1 cells and hCB-MCs were incubated with different concentrations and combinations of anti-CD4, anti-CD9, anti-CD63, and anti-CD81 mAbs for 1 hour at 4°C. Alternately, HMC-1 cells were exposed to various amounts of CD9-specific sense or antisense oligonucleotides for 12 hours at 37°C before the start of the chemotaxis assay. Cells were incubated with different concentrations of anti-CD9 mAb in the presence of a fixed concentration of human IL-16 or mouse IL-3 for 1 hour at 4°C. Cells (200 000) were placed in the upper compartment of a 24-well plate, and each transwell was incubated for 3 hours at 37°C and 5% CO 2 . The filters used in the experiments with hCB-MCs were removed, gently washed with phosphate-buffered saline (PBS), fixed with 95% ethanol and 5% acetic acid, and then stained with antitryptase mAb followed by FITC-labeled rabbit anti-mouse IgG for 1 hour at room temperature. The filters used in the chemotaxis experiments were removed, gently washed with PBS, fixed with 3% glutaraldehyde, and then stained with Mayer hematoxylin for HMC-1 cells and with DiffQuick (Fronine, Sydney, Australia) for mBMMCs. Cell migration was measured by counting the number of tryptase ϩ , hematoxylin ϩ , or DiffQuick ϩ cells that firmly attached to the lower surface of the filter in 3 high-power fields. Each concentration of the IL-16 and IL-3 solutions was tested in triplicate. Cell counts were compared with unblocked control cell migration that was normalized to 100%. Results were expressed as the mean percentage of control migration plus or minus SD.
Generation of CD9-expressing CHO cells and evaluation of IL-16 binding to the transfectants
Stable transfections were performed with SuperFect (Qiagen, Hilden, Germany) according to manufacturer's instructions. CHO cells, cultured in DMEM/F12 medium supplemented with 10% FCS, were plated at a density of 5 ϫ 10 5 in 60-mm dishes 24 hours prior to transfection. On the day of the transfection, 5 g CD9-expression cDNA construct was placed in 150 L serum-free DMEM/F12 medium. SuperFect transfection reagent (20 L) was added. After a 10-minute incubation at room temperature to allow formation of the transfection complexes, 1 mL DMEM/F12 medium containing serum and antibiotics was added. CHO cells were cultured for 3 hours at 37°C and 5% CO 2 . The transfection medium was removed, the treated cells were washed 4 times with 4 mL PBS, and then fresh medium was added containing 300 ng/mL G418. The transfectants were maintained in DMEM/F12 medium supplemented with 10% FCS and 300 ng/mL G418 until colonies appeared. The expression vector (pcDNA3) lacking the CD9 cDNA was used as a negative control in these experiments.
CHO cells (5 ϫ 10 4 ) transfected with pcDNA3 containing or lacking the CD9 cDNA were seeded in 24-well chamber slides (NUNC, Naperville, IL). After 3 days of culture, the cells were washed with PBS containing 0.01% sodium azide. Alexa Fluor 488-conjugated IL-16 (10 g/mL) or mouse IgG (DakoCytomation) was added to each well. The treated cells were incubated 1 hour at room temperature, and then were washed twice with PBS. The slides were mounted with glycerol and sealed with nail polish. Cellular binding of IL-16 was then evaluated using a fluorescence microscope (Leica Microsystems, Heidelberg, Germany).
CD9 immunoblotting
HMC-1 cells were washed with protein-free medium and then disrupted in lysis buffer (1% Triton X-100 [Sigma-Aldrich], 2 mM phenylmethylsulfonyl fluoride, 20 g/mL aprotinin, 10 g/mL leupeptin [Roche Applied Science, Mannheim, Germany], 150 mM NaCl, 5 mM MgCl 2 , and 20 mM HEPES, pH 7.5). The insoluble material was removed by centrifugation. The proteins in the resulting lysates were separated by nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose. After blocking with 5% nonfat milk in PBS with 0.1% Tween-20, the protein blots were developed with mouse anti-human CD9 mAb. This was followed by horseradish peroxidase-labeled rabbit anti-mouse IgG, and finally chemiluminescence.
Flow cytometry analysis
HMC-1 cells (1 ϫ 10 6 ) were washed with PBS and resuspended in 500 L ice-cold PBS supplemented with 2% FCS and 0.1% sodium azide. After centrifugation, the supernatant was removed. For blocking experiments, 50 g/mL anti-CD9, anti-CD63, and anti-CD81 mAbs were added to the cell pellets. The cells were incubated for 1 hour at 4°C. For the antisense/sense cDNA experiments, 100 to 300 M of a CD9-specific oligonucleotide was added to each culture and the treated cells were incubated for 12 hours at 37°C. The cells were washed 2 times with PBS. FITC-conjugated, mouse anti-human CD9 mAb was then added to the oligonucleotide-treated cells. In other experiments, Alexa Fluor 488-conjugated IL-16 (10 g/mL) was added to either the mAb-or oligonucleotide-treated cells. The resulting cells were incubated for an additional 1 hour at 4°C in the dark. The cell pellets were then washed and resuspended in 0.5 mL PBS. The analysis was carried out by means of a flow cytometer (FACStar plus ; BD Biosciences).
Measurement of intracellular Ca 2؉ in HMC-1 cells and CHO cell transfectants
For Ca 2ϩ studies, HMC-1 cells were cultured on fibronectin-coated 19-mm glass coverslips in 12-well plates for 2 to 3 days in Iscove modified Dulbecco medium. CHO cells were cultured for 7 to 10 days on the coverslips in DMEM/F-12 medium (Life Technologies, Bethesda, MD). HMC-1 cells, CHO cells, and the CD9-expressing CHO cell transfectants were incubated with 2 M Fluo-4 (Molecular Probes) in medium for 15 minutes at 37°C. The cultures were then placed into a chamber, sealed with wax, and attached to a rapid sample perfusion system as previously described. 4 In each experiment, the cells were sequentially exposed to IL-16 (100 ng/mL) and ionomycin (10 M). To confirm the role of CD9 in the IL-16-dependent changes in intracellular levels of calcium, the CD9-expressing transfectants were incubated overnight with the CD9-specific sense or antisense oligonucleotide (300 nM). The oligonucleotide-treated cells were then exposed to IL-16 (100 ng/mL). In the PI3K inhibition studies, the CD9-expressing transfectants were incubated with wortmannin (10 nM) for 15 minutes at 37°C before the cells were exposed to IL-16 and ionomycin. For the IP3 inhibition experiments, the CD9-expressing transfectants were incubated with 5 M xestospongin C (Sigma-Aldrich) prior to IL-16 and ionomycin exposure. Xestospongin C was applied while monitoring the changes in calcium transients. Ca 2ϩ -dependent changes in fluorescence were recorded on a TCS SP2 System (Leica Microsystems) fitted with a HC ϫ PL APO 63 ϫ/1.20 W CORR objective. The chamber was continuously perfused with PBS, pH 7.4, except during the IL-16 incubation period. The Ca 2ϩ -dependent fluorescence changes were calibrated at the end of each experiment by adding ionomycin (10 M) to obtain the Fmax. The Ca 2ϩ transients are represented as a ratio F/Fmax fluorescence of Fluo-4. All experiments were performed at room temperature.
Results
Tetraspanin expression in HMC-1 cells, hCB-MCs, and mBMMCs
Others have reported that numerous populations of human MCs (including those generated in vitro from cord blood progenitors) express the tetraspanins CD9, CD63, and CD81. Preliminary mRNA profiling studies revealed that the HMC-1 cell line expresses the transcripts that encode the tetraspanins CD9, CD37, CD53, CD63, CD81, TM4SF7/NAG-2, and TM4SF5/L6H, but not the tetraspanins TSPAN-5/NET-4, NET-5, TM4SF4/ILTMP, or TSPAN-1/NET-1. SDS-PAGE immunoblot analysis revealed the presence of substantial amounts of the appropriately sized CD9 protein in the lysates of HMC-1 cells ( Figure S1 ; see the Supplemental Figures link at the top of the online article, at the Blood website). Thus, the CD9 transcript is translated in HMC-1 cells. To evaluate the presence of CD9 protein on the surface of a population of nontransformed human MCs at the individual cell level, we next determined how many MCs in our cord blood cultures coexpressed CD9 and c-kit/CD117. As can be seen in Figure 1A , most of the CD117 ϩ cells in a typical culture also expressed CD9. As assessed immunohistochemically, the level of CD4 protein on the surface of the HMC-1 cell line was below detection ( Figure 1B) . Nevertheless, virtually all HMC-1 cells in Figure 1C ) and CD117 ( Figure  1D ). After 3 to 4 weeks of culture in IL-3-enriched medium, more than 98% of the cells in the mBMMC cultures were immature toluidine blue ϩ MCs ( Figure S2A ) that expressed CD9 ( Figure  S2C ) but not CD4 ( Figure S2B ).
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IL-16 induced migration of human and mouse MCs via CD9
We previously noted that IL-16 is a potent chemotactic factor for the human MC line HMC-1 even though the steady-state level of the CD4 transcript in these cells is below detection by blot analysis. To determine whether the IL-16-mediated chemotactic response is dependent on a tetraspanin, we evaluated the ability of anti-CD4, anti-CD9, anti-CD63, and anti-CD81 mAbs to inhibit the IL-16-dependent migration of HMC-1 cells. At 5 g/mL and 50 g/mL, anti-CD9 mAb brought about a respective approximately 20% and approximately 90% inhibition in the IL-16-induced migration of HMC-1 cells (Figure 2A) . No significant inhibition was detected with comparable amounts of anti-CD4, anti-CD63, or anti-CD81 mAbs.
While we previously noted that the anti-CD4 mAb OKT4 can inhibit the IL-16-mediated chemotaxis of hCB-MCs, the maximal inhibition was only approximately 50% of that of untreated cells. 4 Because this finding suggested the presence of a second IL-16 receptor on this population of MCs, we next compared the ability of anti-CD9, anti-CD63, and anti-CD81 mAbs to inhibit the IL-16-mediated chemotaxis of the tryptase ϩ MCs in our cord blood cultures in the absence or presence of anti-CD4 mAb. No significant inhibition was observed with anti-CD63 or anti-CD81 mAbs ( Figure 2B ). In contrast, anti-CD9 mAb, by itself, inhibited the migration of these cells in a dose-dependent pattern up to approximately 50%. The IL-16-mediated chemotaxis of these human MCs was inhibited to a greater extent if they were exposed to both anti-CD4 and anti-CD9 mAbs. These data are consistent with our conclusion that hCB-MCs must contain at least 2 IL-16 receptors.
Because mBMMCs are a more homogenous population of cells than hCB-MCs, we next evaluated the ability of these nontransformed mouse CD4 Ϫ MCs to respond to IL-16 in the presence and absence of anti-CD9 antibodies. mBMMCs underwent a significant chemotactic response, which was dose dependent and maximal at 50 ng/mL IL-16 ( Figure S3A ). The IL-16-induced migration of mBMMCs was significantly inhibited in a dose-dependent manner by anti-CD9 mAb with an approximately 60% reduction at 50 ng/mL ( Figure S3B ).
Because HMC-1 cells apparently express only one IL-16 receptor, we focused our attention on this transfectable MC line to confirm the ability of CD9 to function as an alternate IL-16 receptor. HMC-1 cells were next exposed for 12 hours to varied concentrations of sense and antisense 18-mer oligonucleotides that correspond to a region near the translation-initiation site in the CD9 transcript. As assessed by fluorescence-activated cell sorter (FACS) analysis with FITC-labeled anti-human CD9 mAb, the CD9-specific antisense oligonucleotide ( Figure 3A ,C,E) but not the CD9-specific sense oligonucleotide ( Figure 3B ,D,F) induced a dose-dependent inhibition of expression of the tetraspanin on the cell's surface. The binding of Alexa Fluor 488-labeled IL-16 to HMC-1 cells was reduced when these cells were exposed to the anti-CD9 mAb ( Figure 4A,F) or the CD9-specific antisense oligonucleotide ( Figure 4B ), but not the anti-CD63 mAb ( Figure  4C,F) , the anti-CD81 mAb ( Figure 4E-F) , or the CD9-specific sense oligonucleotide ( Figure 4D ). The additional finding that the IL-16-induced migration of HMC-1 cells was inhibited substantially by the antisense oligonucleotide ( Figure S4 ) supports the conclusion that the cytokine exerts its bioactivity primarily via CD9 in this MC line.
CHO cell transfectants were generated that expressed human CD9 in order to confirm that the tetraspanin can function as an alternate IL-16 receptor. In the first set of experiments, the cellular binding and surface distribution of labeled IL-16 was investigated by fluorescence microscopy. As shown in Figure 5A , the majority of the CD9-expressing transfectants bound the cytokine. In some transfectants, a more diffuse intracellular binding was noted in addition to cellular margin staining. In contrast, IL-16 did not bind to the nontransfectants ( Figure 5B ). To demonstrate specific binding to the transfectants, anti-CD9 mAb or matched isotypecontrol mAb was added followed by the labeled cytokine. No inhibition was detected when the CD9-expressing cells were incubated with an isotype control mAb ( Figure 5C ). However, preincubation with 50 g/mL anti-CD9 mAb resulted in a significant reduction in binding of IL-16 to the transfectants ( Figure 5D ).
IL-16 induced Ca 2؉ mobilization and activation of a PI3K pathway in CD9-expressing cells
In the absence of extracellular calcium, IL-16 induced a substantial rise in the intracellular levels of Ca 2ϩ in CD9-expressing HMC-1 cells ( Figure 6A , trace 1, and Figure 6B ). The maximal level of intracellular calcium was approximately half of that obtained with 10 M ionomycin. The CD9-specific antisense oligonucleotide ( Figure 6A , trace 3, and Figure 6B ) inhibited the IL-16-mediated increase in intracellular levels of Ca 2ϩ in HMC-1 cells to a much greater extent than did the CD9-specific sense oligonucleotide ( Figure 6A , trace 2, and Figure 6B ). In a similar manner, IL-16 induced a substantial rise in the intracellular levels of Ca 2ϩ in CD9-expressing CHO cell transfectants ( Figure 7A, trace 1) . Likewise, the CD9-specific antisense oligonucleotide ( Figure 7A , trace 4) but not the CD9-specific sense oligonucleotide ( Figure 7A , trace 3) inhibited the IL-16-induced effect. As expected, the control cells responded to ionomycin but not IL-16 ( Figure 7A,  trace 2) . Pretreatment of the CD9-expressing transfectants with 5 M xestospongin C ( Figure 7B ) or 10 nM wortmannin ( Figure  7C , trace 2) blocked the IL-16-induced rise in intracellular levels of Ca 2ϩ in the transfectants. The inhibitory effects of xestospongin C and wortmannin were not due to a nonspecific, drug-induced toxicity because in both instances the treated cells subsequently responded to ionomycin.
Discussion
The chemotactic responses of MCs and their progenitors to IL-16 likely reflect a complex biologic process involving numerous discrete cellular activation events, such as adhesion, cytoskeletal reorganization, transendothelial migration, and increased mediator expression. Many chemokines recognize more than one receptor. The ability of IL-16 to induce chemotaxis of varied immune cells isolated from CD4-null mice 22, 23 documents that CD4 is not the only IL-16 receptor on the surface of hematopoietic cells. While the IL-16-mediated chemotaxis of hCB-MCs can be partially inhibited by anti-CD4 mAbs, 4 the inability to block the IL-16 response more than 50% implies that these cells also express an alternate IL-16 receptor. The finding that the IL-16-responsive HMC-1 cell line does not express CD4 ( Figure 1B ) was fortuitous in that it allowed us the opportunity to identify the primary IL-16 receptor on the surface of this MC line. It is well known that tetraspanins form For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From multimeric complexes with several endogenous surface molecules. The physical association of the tetraspanins CD9, CD81, and CD82 with CD4 on the surface of the T cell 24, 31, 32 was the impetus for our investigation of the possible involvement of one or more of these tetraspanins in the IL-16-mediated migration of mBMMCs, hCBMCs, and the HMC-1 cell line.
Pregnancy-specific glycoprotein 17 (Psg17)/carcino-embryonic antigen 2 has been reported to be a ligand for mouse and human CD9 based on in vitro studies. 38 Because Psg17 is preferentially expressed in the mouse's placenta, 39 it was not apparent how this female-restricted placenta protein could regulate the CD9 ϩ MCs that reside in the skin, lung, and other connective tissue sites of a male mouse. The nucleotide sequence of the human genome has been deduced. BLAST searches of GenBank's nucleotide and protein databases revealed that "biliary glycoprotein 1" is the human protein that is most similar to mouse Psg17. However, the fact that its amino acid sequence is only 31% identical to that of Psg17 indicates that no human ortholog of mouse Psg17 exists. Thus, the primary physiologic receptor on the surfaces of human MCs that recognizes CD9 remained to be identified.
We now show that CD9 (but not the related tetraspanins CD63 and CD81) is essential for the IL-16-mediated chemotaxis and activation of the HMC cell line (Figure 2A) . CD9 also appears to contribute to IL-16-dependent signaling in hCB-MCs ( Figure 2B ) and mBMMCs ( Figure S3 ). Depending on their tissue microenvironments, MCs differ substantially as to which cytokine, lipid, and proteases they express. As assessed immunohistochemically, BALB/c mBMMCs lack CD4 ( Figure S2 ). We also discovered that not all in vivo-differentiated human MCs express CD4 (J.C.Q. and S.A.K., unpublished observation, January 16, 2002) . In contrast, all human and mouse MCs that have been evaluated to date express CD9. For example, HMC-1 cells, hCB-MCs, and mBMMCs express CD9 (Figures 1, 2 , S1, and S2). IL-16 binds to these cells (Figure 4) , as well as to CD9-expressing CHO cells ( Figure 5 ). Anti-CD9 mAbs block the IL-16-mediated chemotaxis of HMC-1 cells and hCB-MCs (Figure 2 ), as well as mBMMCs ( Figure S3 ). Exposure of HMC-1 cells (Figures 3, 4, 6 , and S4) and CD9-expressing CHO cells ( Figure 7 ) to a CD9-specific antisense oligonucleotide also resulted in diminished IL-16 responses.
The CHO cell transfection data ( Figures 5 and 7) imply that IL-16 interacts directly with CD9. However, the fact that many cell types express CD9 raises the possibility that the tetraspanin is posttranslationally modified in MCs in a manner that creates a receptor with higher affinity for IL-16 as occurs with many posttranslationally modified CXC and CC chemokine receptors. Alternately, the IL-16 receptor on the surface of the MC could be a multimeric complex consisting of CD9 and an unidentified protein. However, if that is the case, the second protein also must be constitutively expressed on the surface of the CHO cell. Of more importance, the fact that IL-16 does not activate CHO cells unless these cells are induced to express CD9 (Figure 7) indicates that the latter tetraspanin is an essential component of the receptor complex no matter how many peptide chains it possesses. Whether CD9 , and CD9-expressing CHO cells that were given a CD9-specific sense (trace 3) or antisense oligonucleotide (trace 4) were exposed to IL-16 (bar) followed by ionomycin (arrows), and the intracellular levels of calcium were determined. Data from Fluo-4-loaded CHO cells typical of 2 to 10 cells from at least 3 separate cultures are shown. (B) CD9-expressing CHO cells were sequentially exposed to xestospongin C (Xe C) (first bar), IL-16 (second bar), and then ionomycin (arrow). The same population of CD9-expressing CHO cells was used in the experiments that led to the data presented in panels A and B. The experiments were carried out on the same day. Thus, the noninhibitor control for the xestospongin C data presented in panel B is trace 1 of panel A. (C) CD9-expressing CHO cells were sequentially exposed to wortmannin (first bar), IL-16 (second bar), and then to ionomycin (arrows, trace 2). The positive control cells for this experiment (trace 1) were CD9-expressing cells that did not encounter wortmannin before they were exposed to IL-16 and then ionomycin.
functions as an alternate IL-16 receptor in other IL-16-response immune cells (eg, T cells, eosinophils, dendritic cells, and mononuclear phagocytes) remains to be determined.
The known proteins/peptides that are chemotactic for mouse and/or human MCs and their progenitors include IL-3, IL-8, IL-16, RANTES, KitL, transforming growth factor-␤, and the anaphylatoxins C3a and C5a. Because these factors interact with distinct receptors on the surface of the MC, numerous signaling pathways inside an MC ultimately can induce a chemotactic response. We therefore have begun to address how IL-16 signals in the HMC-1 cell line ( Figure 6 ) and CD9-expressing CHO cell transfectants (Figure 7 ) downstream of its plasma membrane receptor. Exposure of T cells to IL-16 results in phosphorylation of p56 lck , 40 a rise in the intracellular levels of IP3 and Ca 2ϩ , 8 and translocation of protein kinase C from the cytosol to the plasma membrane. 41 To investigate the specificity of the interaction of IL-16 with CD9, we evaluated the ability of IL-16 to alter Ca 2ϩ mobilization in CD9-expressing HMC-1 cells and CHO cell transfectants. We also studied the effects of the PI3K-inhibitor wortmannin and the IP3-inhibitor xestospongin C. Activation of receptor-associated PI3K results in the generation of phosphatidylinositol 3,4,5-trisphosphate. This lipid second messenger binds to several pleckstrin homology domain-containing intracellular proteins (eg, phospholipase C␥ [PLC␥]), 42, 43 which results in their translocation from the cytosol to the plasma membrane. The coactivation of PI3K and PLC␥ results in the generation of increased amounts of IP3. Binding of IP3 to its receptors in the endoplasmic reticulum results in the release of intracellular stores of Ca 2ϩ into the cytoplasm. 44 This mechanism of activation is well known for receptors with intrinsic tyrosine kinase activity 45 and correlates with release of IP3 and calcium. 46 While xestospongin C inhibits activation of IP3 receptors, wortmannin inhibits the catalytic site of PI3K, resulting in inhibition of IP3 generation downstream of PI3K activation and hence diminished calcium transients as seen in several cell types. [47] [48] [49] [50] IL-16 induced a rise in the cytosolic levels of calcium in HMC-1 cells and CD9-expressing CHO cells, even if the treated cells were cultured in the absence of extracellular calcium. Metabolic inhibitors were used in the study to affect MCs and CD9-expressing CHO cells. The observation that both xestospongin C ( Figure 7B ) and wortmannin ( Figure 7C ) inhibit the cytosolic accumulation of calcium in the latter transfectants suggests that IL-16 induces its effects on MCs by activating a PI3K/IP3 signaling pathway downstream of CD9. Dr Kinet's group recently showed that CD61 and CD83 negatively regulate the Fc⑀RI-dependent activation of rodent MCs. 51, 52 CD9 is required in our studies for an optimal chemotactic response of human and mouse MCs to IL-16. The accumulated data suggest that at least 3 tetraspanins participate in key signaling pathways that control the accumulation, development, and function of MCs in tissues.
